Introduction
Unlike previous video coding standards such as MPEG1, MPEG2, and H.263, the H.264 standard uses up to five reference frames and allows variable block sizes (VBSs) for motion estimation/compensation. VBS permits four different modes for a macroblock: 16x16, 16x8, 8x16 and 8x8. Moreover, the 8x8 mode can be further divided into 8x8, 8x4, 4x8, or 4x4 modes [1] . These characteristics of H.264 enable a macroblock to contain more information than previous standards. This information can be useful for concealing a lost macroblock.
When packetized video streams are transmitted through a noisy channel, channel noise or congestion often leads to packet loss. It can also drastically degrade the visual quality of the decoded sequence. Error concealment is a useful way to alleviate this problem. Temporal error concealment exploits correlation between the current decoded frame and the previous decoded frames. Roughly speaking, a damaged macroblock of the decoded frame is replaced by a macroblock in the reference frame using the estimated motion vector of the lost macroblock.
Several approaches for temporal error concealment have been proposed. Chen, Zhang, and Shi presented the so-called refined boundary matching algorithm (RBMA) [2] . To better satisfy the criterion for minimizing the boundary differences, they use different motion vectors for different regions of a lost macroblock. Xu method with a weighted boundary matching criterion [3] . Zheng and Chau proposed an algorithm for H.264 using the Lagrange interpolation [4] . It exploits the fact that in H.264, compared to previous standards, the neighboring motion vectors are highly correlated. However, the algorithms mentioned above did not consider all information within a macroblock in H.264.
For better temporal concealment in H.264, we propose an efficient method that uses not only motion vectors and reference frames, but the modes of macroblocks adjacent to the lost macroblock.
Conventional Temporal Error Concealments
The boundary matching algorithm (BMA) exploits the fact that adjacent pixels in a video picture exhibit high spatial correlation. The cost function of a BMA is defined as the absolute difference between the external boundary of the damaged macroblock and the internal boundary of the replacing macroblock in the reference frame. Generally, the motion vector of the lost macroblock is selected from a set of candidates by minimizing the BMA cost instead of using a full search [5] . The motion vector candidates are usually the motion vectors of the macroblocks adjacent to the lost macroblock. The overlapping BMA (OBMA) has been proposed as a method to find the motion vector that yields the closest or best overlap between the external boundaries of both the lost macroblock and the replacement macroblock in the reference frame. The absolute difference between the external boundaries of both macroblocks is used as the OBMA cost.
Temporal Error Concealment in H.264
H.264 has included spatial and temporal error concealment algorithms as an informative part of the standard. For temporal error concealment, the motion activity of correctly received slices in the current picture is investigated in advance. If it is smaller than a predefined threshold, all lost macroblocks are concealed by replacing them with macroblocks from spatially corresponding positions in the reference frame. Otherwise, motion compensated error concealment is used.
Nine candidates are used for temporal error con- indicates the motion vector and reference frame candidate to be used for concealing the lost macroblock. In addition to these eight candidates, zero motion (ZM) is included. ZM means that a lost macroblock is replaced by the macroblock located at the corresponding spatial position in the previous frame.
H.264 first calculates the BMA costs of the nine candidates and then conceals the lost macroblock using the motion vector and reference frame with the minimum BMA cost. In this procedure if an 8x8 block has 4 motion vectors, then the mean of the motion vectors of four, 4x4 subblocks within the 8x8 block, is applied as the motion vector of the 8x8 block. Remember that, in H.264, the minimum block size for motion estimation/compensation is 4x4.
Proposed Method

Algorithm
There are some differences between the proposed method and the existing method in H.264. First, the proposed method uses the OBMA cost. Second, the proposed method considers the modes of the neighboring macroblocks as well as motion vectors and reference frames. Third, the lost macroblock is concealed on the basis of different block sizes.
We assume that the location of the lost macroblock has been detected and all the neighboring macroblocks have been received or properly concealed. Our approach can be divided into two steps. In the first step, we carry out the macroblock mode estimation (MME) of the lost macroblock using the modes of macroblocks that are located at positions upper, lower, left, and right of the lost macroblock in the current frame. If the modes at upper and lower neighboring macroblocks are 16x8 or 8x8 (i.e., if they have a vertical division component), then the mode of the lost macroblock shall also have a vertical division component. If the left and right modes are 8x16 or 8x8 (i.e., they have a horizontal division component), then the mode of the lost macroblock shall also have a horizontal division component. The proposed method exploits the correlation between the modes of adjacent macroblocks. In the second step, following the procedure in Fig. 2 , one of the four different error concealment modes (ECMs) is selected. The lost macroblock is concealed on the basis of different block sizes.
To reduce complexity the proposed method restricts the number of motion vector and reference frame candidates. Depending on the ECMs, the motion vector and reference frame candidates and the block sizes for error concealment are determined as follows: Of the different candidates for each block, the motion vector and reference frame having the minimum OBMA cost are selected for concealing the lost macroblock.
If too many macroblocks are lost, the assumption that all the neighboring macroblocks are available will not be valid. In this case, the number of selectable ECMs is limited. For example, if the macroblock to the right of the lost macroblock is also lost, then only ECM1 or ECM3 can be selected as the ECM.
Effects of OBMA and MME
Although the complexity of the BMA is equal to that of the OBMA, when there exists a diagonal edge across the lost macroblock, the BMA has a stairs-artifact at the boundary of the concealed macroblock, whereas the OBMA does not. This is because the BMA only considers the smoothness between horizontally and vertically adjacent pixels, whereas the OBMA uses the best overlap of those two external boundaries.
There are two advantages to using the MME. First, we may consider the motions of finer block sizes: 16x8, 8x16, and 8x8. It is different from the existing method in H.264 which can only consider the motion of the 16x16 block size. Second, the complexity of concealment is reduced. Table 1 depicts the number of operations required to conceal the lost macroblock in each ECM. The macroblock candidates for replacement may be located at the half or quarter positions because the H.264 standard uses quarter-pixel-accuracy motion estimation/compensation. As such, we should calculate the pixel values at the half or quarter positions by interpolation prior to the subtraction operation. Therefore, among the three operations, the number of subtraction operations is directly related to the complexity of concealment.
Simulation Results
To evaluate the proposed algorithm, we used a public reference encoder, JVT Model (JM) v.9.3 [6] . Five standard video sequences in QCIF (176x144) format are analyzed. These include Coastguard, Foreman, Table  Tennis , Stefan, and Trevor, which represent different classes of motion activity. The first 100 frames of each sequence are used. The quantization parameter is set to 24. We compare the simulation results of the proposed algorithm with those of the temporal replacement and the existing method in H.264. Figures 3 and 4 compare the objective qualities of the three concealment methods for macroblock loss ratio of 10% and 20%, respectively. The temporal replacement scheme yields sufficient performance in a sequence with low motion activity. It explains the above three methods give similar PSNR performance in Trevor. For sequences with high motion activity, there is a big difference in PSNR performance among the three methods. That is, the performance improvement is much higher for sequences with higher motion activity, e.g., Table Tennis . Figure 5 depicts the subjective qualities that re- (d) BMA+MME (e) OBMA+Only16x16 (f) OBMA+MME (Proposed) Fig. 5 The 45 th frame of the Table Tennis sequence. sulted from the five different methods for the 45 th frame of the Table Tennis sequence. The result from the reference software using the BMA-based cost only on the 16x16 block is shown in Fig. 5(c) , and the result from the proposed method using the OBMA-based cost on the one of four different blocks decided by MME is shown in Fig. 5(f) . The effect of the OBMA can be seen in Figs. 5(e) and 5(f), especially at the diagonal edge of the table. Also, the effect of MME can be seen in Figs. 5(d) and 5(f), especially near the mans wrists.
As shown in Figs. 3 to 5, the proposed algorithm shows substantial improvement over the existing methods in both objective and subjective qualities.
Conclusion
In this letter, we have proposed an effective error concealment algorithm that is appropriate for the H.264 video standard. The proposed method consists of two steps. First, we carry out MME of the lost macroblock, and then one of four different ECMs is selected according to its results. By using MME, we are able to consider the motions of finer block sizes and reduce the complexity of the concealment process. Second, we conceal the lost macroblock using the OBMA-based cost. The OBMA outperforms the BMA when there is a diagonal edge across the lost macroblock, despite the fact that both methods are equally complex. Simulation results have shown that the objective and subjective qualities of a damaged frame can be substantially improved with the proposed method.
